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Elected officials and decision makers are increasingly seeking outcome assessment of capital projects, such 
as corridor signal modernization and adaptive control projects. This paper describes the use of connected 
vehicle data to perform corridor travel time outcome assessment along five corridors in the greater 
Philadelphia, Pennsylvania area. These corridors are comprised of a total of 2,184 signals and are 
considered five of the most critical corridors in this region, experiencing a high volume of traffic, with 
AADT greater than 30,000 vehicles. These corridors were evaluated for six weeks before and after the 
adaptive installation through the use of private-sector segment speed data. Medians and interquartile ranges 
of travel times were used to assess the impact on arterial progression. Various graphs, charts, and figures 
produced through web tools and traditional metrics provide a user-interactive component to the dashboards. 
In addition, user cost reductions and CO2  emission impacts were also determined. Four out of the five 
corridors had substantial reductions of arterial travel times that amounted to approximately $36.6 million 
in annualized user benefits. 
The paper concludes by recommending these techniques be integrated into modern traffic signal central 
systems to prioritize timing initiatives to perform outcome assessment. Such tools would complement high 
resolution traffic signal data performance measures that identify minor side street split failures to provide 
agencies with a complete set of tools for managing their signal system infrastructure.   
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A central concept of system engineering is to define the goals and objectives of the system, then measure 
the outcomes of the system performance to determine whether those goals and objectives are being 
adequately met. In the operation of coordinated traffic signal systems, these are determined by the operating 
environment of the system and the needs of the stakeholders. 
 Corridor progression is a common objective of traffic signal system operations, particularly for 
arterial highways. Travel time is perhaps the most common performance measure used to evaluate the 
quality of progression. This can be measured by a number of techniques, such as GPS travel time runs (1) 
or vehicle re-identification (2,3), and estimated by the analysis of segment speed data sampled from 
connected vehicles from private-sector data providers (4,5,6,7). Several researchers have recently explored 
the viability of private sector speed data for analysis of arterial travel times (4,5,6). While results have 
varied, the growing consensus is that such data is viable on corridors with higher traffic volumes. A recent 
study demonstrated the scalability of this data set by applying the method to a large inventory of corridors 
on a statewide level, ranking them by travel time and travel time reliability metrics for multiple times of 
day (7). 
 Adaptive signal control is one application where such analysis tools are essential to evaluate the 
return on investment. In 2013, the University of California, Berkley evaluated adaptive signals based on 
field data collected through Bluetooth detectors (8). For this particular corridor, the implementation of 
adaptive signals had a detrimental effect, which was attributed to suboptimal splits and offsets for specific 
intersections. A recent study by the Virginia Department of Transportation (9) explored six adaptive control 
deployments and observed reductions in travel time averaging about 25%, with a 16% improvement in 
travel time reliability, using private-sector speed data spatially segmented using the Traffic Message 
Channel (TMC) scheme.  
 There is clear consensus that outcome assessment is an important part of any traffic signal 
modernization or adaptive control project.  However, all of these techniques used in past studies are quite 
labor intensive. To address the need for an assessment tool, the Pennsylvania Department of Transportation 
(PennDOT) initiated a project to adapt the corridor ranking tool (7) to a district-wide level web tool 
incorporating 138 corridors. That ranking methodology was further extended to visualize before and after 
effects in terms of both travel time and travel time reliability. Of these corridors, five recently incorporated 
adaptive deployments that varied from full-corridor to partial-corridor deployments, are evaluated. In this 
study, the more spatially detailed “XD” segmentation scheme is used. Results are examined for each hour 
of the day from 6:00 a.m. to 8:00 p.m. for all five corridors, and the annualized user benefits are calculated. 
STUDY LOCATION 
This study is part of a larger project sponsored by the Pennsylvania Department of Transportation 
(PennDOT), concentrating on analyzing and ranking high-volume signalized arterial corridors around the 
Philadelphia area. This region is defined as District 6 and consists of 5 counties: Bucks, Chester, Delaware, 
Montgomery, and Philadelphia. Within the district, there are 138 corridors, stretching along 766 miles, and 
totaling 2,184 signals. In the past few years, Pennsylvania has accelerated its investments in signal 
infrastructure with its “Green Light Go” program, which has led to a number of improvements, including 
several adaptive deployments (10). 
Five corridors where adaptive signal control was deployed within the past 12 months were selected for 
before-and-after analysis. Table 1 provides a listing of these corridors and their characteristics. These five 
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 Table  1. Corridor  Information
 Average  Signal
 Corridor







 Before  Date
 Range
 After  Date
 Range
 (mph)  Signals)
A1  PA 132  /  Street  Rd  33,965  15.2  45 50  (21) 10/12/2015–  11/23/2015
1/4/2016– 
 2/15/2016















A5  PA  611/Old  York Easton  Rd
 Rd/  30,919  16.3  42 68  (15) 4/27/2015–  6/8/2015
1/4/2016– 
 2/15/2016
arterials account for over 180,000 vehicles per day total and are highlighted in Figure 1. The density of 
signals on these five corridors is roughly 3.3 signals per mile on average. Some of these corridors are 
particularly long and included a mixture of segments with conventional signal control as well as other 
segments with adaptive signal control. Altogether, 61 out of 186 signals had adaptive control installed on 
these five corridors during the study period (Figure 2). 
This study analyzes the impact of these adaptive deployments on arterial travel times using minute-by-
minute representative speeds from connected vehicles along pre-defined roadway segments over the 
targeted date ranges defined in Table 1. The before date range indicates the period prior to adaptive 
deployment, and the after period samples the effect of the deployment on the travel times. The speed limits 
of the segments were also tabulated for each segment to determine travel times in absence of congestion or 
controlled delay. The speed limits along the corridors varied between 25 and 55 mph and are used to 
compute the baseline ideal travel time in the analysis. 
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(a) A1 (15.2 miles corridor) (b) A2 (4.8 miles corridor)
(c) A3 (10 miles corridor) (d) A4 (8.6 miles corridor)
(e) A5 (16.3 miles corridor)









Travel times are evaluated using private-sector connected vehicle speeds. These speeds are obtained on a 
minute-by-minute basis from aggregation of individual vehicle speeds determined from timestamped 
positions of GPS-enabled devices, including fleet telematics and cellular phones. For this study, segment 
definitions from the data provider are used, each approximately 1 mile in length. The five arterials in this 
study included 186 total single-direction segments. Multiple samples for all minutes in a time-of-day period, 
aggregated across multiple days in a given date range, provides an estimated distribution of corridor travel 
times during that period. 
Travel Time Distributions for a Single Corridor 
Figure 4 illustrates two cumulative distribution functions (CDF) for corridor A3 comparing a six-week 
period in October/November 2015 (before adaptive control deployment) and another six-week period in 
March/April 2016 (after deployment), for the two directions of travel. The analysis period includes 
weekdays during the hours of 17:00 and 18:00 representative of the PM peak period, avoiding holidays and 
periods where winter weather was likely to affect the operation. The eastbound and westbound sections are 
composed of 21 and 22 travel time segments, respectively (Figure 3). The vertical dotted line in each figure 
represents the travel time in each direction at the speed limit without stops, while the red and green curves 
represent the observed distribution of estimated travel times over the before and after periods respectively, 
during the specified hours.  
The CDFs in Figure 4a show an overall reduction in estimated travel times after adaptive control was 
deployed. For the 25th  percentile, median, and 75th  percentile, 3.5, 3.6, and 3.7 minutes of respective 
improvements are estimated in the eastbound direction. The travel times range from 22.8 to 46.9 minutes 
in the before period, compared to 21.0 to 38.9 in the after period, indicating that travel times were more 
reliable, with less variation and a slightly steeper curve. Figure 4b shows an even more significant 
improvement in the westbound direction, with 3.6, 5.6, and 7.7 minute reductions for the 25th  percentile, 
median, and 75th  percentile respectively. The travel time ranges from 21.9 to 61.2 minutes in the before 
period, compared to 18.9 and 42.2 minutes in the after period, showing a substantial improvement in 
reliability. 
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Figure 4. Corridor A3, Weekdays, 17:00-18:00
Travel Times Before and After Installation of Adaptive Signal Control   








Analysis of 138 Signalized Arterial Corridors 
Travel time comparisons are typically made by developing distributions of measured travel times and 
extracting metrics from percentiles of the distribution or other statistical properties (11). Although private-
sector speed data does not directly provide individual vehicle travel time measurements, such measurements 
made over time yield a distribution that can give a sense of the central tendency of the travel time along a 
corridor, and its degree of variability (12). For this study, the median is selected to quantify the central 
tendency, while the interquartile range (IQR), the difference between the 75th  and 25th  percentiles, is used 
to quantify its variability. 
 Because the corridors are different lengths, their travel times need to be normalized to make their 
travel time values comparable. One way to do so is to divide the travel time by the route distance, which 
would state the travel time as a rate per unit distance. However, because the speed limits also vary by 
corridor, this would tend to make slower corridors appear relatively worse, whereas the lower speeds may 
reflect the intended operation at lower speed limits. Instead, the travel time metrics are divided by the ideal 
travel time, which is considered to be travel on each segment at its speed limit.  
 Figure 5 shows the normalized median and Inter Quartile Range (IQR) of travel time for each 
directional route along all 138 corridors as a point cloud (thus including 276 routes). The data is shown in 
October 2015 during the 17:00 to 18:00 hours for all weekdays using a similar visualization as previously 
published by Day et al (7). The x-axis shows the median travel time; any routes with a value at the 100% 
value would show median speeds exactly at the speed limit. All of the routes in the district have median 
travel times greater than ideal, or to the right of the 100% mark, although there are some routes where one 
direction is approaching 100%. There are 43 routes with median travel times greater than 200% of the ideal 
time, indicating that their average speeds are less than half of the speed limit. 
 Along the y-axis, the normalized IQR is charted to show the reliability of each route. A normalized 
IQR of 0% would represent that all of the travel times between 25% and 75% were exactly the same; a 
normalized IQR of 50% represents that this central range of the distribution is as wide as half of the entire 
route travel time itself. There are 9 routes that have normalized IQR above 50%. Generally, routes plotted 
in the lower-left quadrant of the chart tend to experience faster and more reliable travel times, while those 
in the upper-right quadrant tend to experience slower and less reliable travel times, relative to the speed 
limit. It is not difficult to imagine that, over time, the position of a route would move around over time as 
their performance changed. 
 Figure 6 shows the before after change of both median travel time and IQR movement in one figure. 
This chart has identical axes and dimensions as Figure 5, but only includes the five corridors where adaptive 
systems were implemented (Table 1). For each directional route, distinct 6-week “before” and 6-week 
“after” periods were used to assess the changes in performance associated with the deployment of the 
adaptive systems. The performance of the “before” period is plotted as a dot, while the “after” period is 
plotted as a triangle. A line is drawn connecting the two periods associated with the same route. Routes that 
had decreases in both the median and IQR are colored green, while routes that had increases in both median 
and IQR degradation are colored red. Corridors with mixed results are colored orange. The corridor with 
the largest improvement from an adaptive implementation was westbound A3, which had a 34.2-percentage 
point decrease in the normalized median travel time and a 24.9-percentage point decrease in the normalized 
IQR travel time. This corresponds to the CDF that was shown earlier in Figure 4b. 
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Median Travel Time/Speed Limit Travel Time 
Figure 5. Speed and Reliability Sample for District 6 Corridors, Oct 2015, Weekdays, 17:00 to 18:00
Figure 6. Travel Time and Reliability Trends for Adaptive Installations. 









Hour-by-Hour Median and IQR Evaluation 
To more completely characterize a corridor’s change in travel performance, the changes in IQR are analyzed 
over an entire day during the AM (6:00 AM-10:00 AM), mid-day (10:00 AM to 4:00 PM), and PM peak 
(4:00 PM to 8:00 PM) hours. For this analysis, one-hour intervals are analyzed throughout the week, 
including weekends, for all time periods. The travel times before and after the adaptive implementation are 
evaluated based on median travel times and comparisons of IQR. Before and after evaluation periods are 
six weeks in length each for consistency and excluding any holidays or atypical travel days. Through these 
evaluation metrics, a comprehensive and quantitative analysis of the travel times can be conducted. Visual 
representations of improved travel times can be seen in Figure 7 and Figure 8.  
Figure 7 shows that, in general, the greatest improvement in adaptive signals are made during weekday AM 
and PM peak periods. Most of the corridors also had improvements during the mid-day period, with corridor 
A1 seeing the most improvements. Corridor A2 had the least amount of improvement, however, the existing 
condition of the signals already had a consistently uniform distribution throughout the day, even during 
both rush hour periods. Corridor A3 appears to have had the biggest improvement during the weekday rush 
hours. In fact, for nearly every weekday hour, travel time decreased by 25%. Corridor A4 had an interesting 
outcome, as, throughout the corridor, the 25th-percentile travel time did not decrease. However, overall 
corridor performance increased with increased reliability through a reduction in the 75th-percentile travel 
time. The opposite is true for corridor A5 evening rush hour, which saw the greatest degradation of all the 
corridors. Similar increases in travel times were experienced during the morning rush hours in both 
directions. 
Figure 8 shows that a majority of weekend improvements came in the afternoon and evening hours. The 
greatest improvements for weekend traffic can be seen in corridor A1 and southbound A4. As with the 
weekday travel times, weekends for corridor A2 were very consistent throughout the day. Corridor A3 
appears to have the largest evening impact, with travel times increasing by ten minutes when comparing 1 
PM to 4-5 PM. Corridor A5 continued to have reliability issues throughout the weekend period, especially 
for northbound evenings. 
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e) Corridor A3, Eastbound f) Corridor A3, Westbound
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j) Corridor A5, Northbound k) Corridor A5, Southbound
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c) Corridor A2, Eastbound d) Corridor A2, Westbound
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e) Corridor A3, Eastbound f) Corridor A3, Westbound
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g) Corridor A4, Northbound h) Corridor A4, Southbound
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j) Corridor A5, Northbound h) Corridor A5, Southbound









USER BENEFIT CALCULATION 
The calculation of user benefits is achieved through the use of existing annual average daily traffic (AADT) 
data provided for the corridors in combination with information found in the 2014 Pennsylvania Traffic 
Data Report (13) .This report provided data on hourly vehicle and truck traffic percentages. These numbers 
are determined for 92 study locations across the state. Each of these locations are categorized into 10 traffic 
pattern groups. The five corridors in this study are defined as “TPG 3, Urban – Other Principle Arterials.” 
Additional user benefit design values were adapted from the 2015 Urban Mobility Scorecard (14), including 
vehicle occupancy, commercial vehicle operating cost, and average cost of time. The time period selected 
for the analysis is from 6:00 AM to 8:00 PM. 
The hourly volumes are estimated by equation (1) 
 voli  AADT *ki *d   (1) 
where, 
voli  = estimated volume for hour i 
AADT = annual average daily traffic 
ki  = hourly vehicle percentages from (13) 
d = directional distribution (assumed to be 0.5) 
 
The difference in travel time for each hour, before and after the adaptive signal deployment is calculated 
using the following equation 
 TTi  TTb efore ,i  TTaf ter ,i   (2) 
where, 
   TTbefore,i  = median travel time during the before period for hour i 
     TTafter,i  = median travel time during the after period for hour i 
 
The user benefit for trucks during each hour is then calculated using equation (3) 
 usert ruck ,i  voli * TTi *%Ti  * PPVt *VOTt   (3) 
where, 
%Ti  = percentage of truck traffic for hour i, from (13) 
PPVt  = number of passengers for commercial vehicles (1 for trucks)  
VOTt  = time value of money for commercial vehicles, $94.04/vehicle-hr from (14) 
 
Similarly, the user benefits for passenger cars were computed using equation (4) 
 usercar ,i  voli * TTi *%Ci * PPVc *VOTc   (4) 
where, 
%Ci  = percentage of car traffic for hour i, assumed as (1 %Ti )   
PPVc  = number of passengers for commercial vehicles, 1.25 for cars from (14) 
VOTc  = time value of money for passenger cars, $17.67/person-hr from (14) 
 
The hourly user costs for passenger cars and commercial trucks in both the directions are aggregated to 
compute the daily user cost for each corridor. The annual user costs are then computed by using weekly 
and yearly multipliers. Analysis is carried out separately for weekdays and weekends, and the results are 
































A1 A2 A3 A4 A5 
Weekday $8,968,274 $1,778,377 $8,396,331 $5,409,593 -$1,498,704 
Weekend $4,262,407 $777,046 $4,249,260 $3,934,733 $333,483 
 
Figure 9.  Summary of Annual User Cost Benefits for the 5 Corridors 




In addition to the user costs, changes in carbon dioxide (CO2) emissions are computed using the method 
adopted by (15). Using conversion factors from the Argonne National Laboratory, a passenger car is 
expected to consume 0.87 gal of gasoline per hour. This number is conservatively used to determine the 
fuel consumption, as given by equation (5) 
0.87gal  fuel  TT *vol *   (5) 
hour 
Equation (6) computes the CO2 emissions in tons. According to the U.S. Environmental Protection Agency, 
the amount of CO2  emitted when a gallon of gasoline burns is approximately 19.6 lb/gal (16). 
19.6 lb 1 ton  CO2   emissions  fuel * *   (6) gal 2,000 lb 
The USEPA also estimates the social cost of CO2  as $36/ton (17) and the cost of CO2  is determined using 
equation (7).  
$36  CC  CO2  emissions *   (7) ton 
The weekday and weekend savings as well as emissions for CO2  is given in Table 2. 
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 Table  2. Summary  of  Annual CO2  Emission  Reductions  for  the  Adaptive  Signals
Weekday  CO2  Savings  Weekend  CO2  Savings
Corridor 
Tons  Dollars Tons  Dollars
A1  2878.45  $103,624  1372.94  $49,426
A2  570.09  $20,523  249.48  $8,981
A3  2711.70  $97,621  1378.65  $49,632
A4  1735.24  $62,469  1258.45  $45,304
A5  -500.38  -$18,014  93.01  $3,348
 Total  7395.11  $266,224  4352.54  $156,691
  
As shown, all corridors saw improvements in annual user benefits and CO2  savings, except corridor A5. 
Altogether, these corridors accounted for $36.6 million in annual user benefits and $422,915 in CO2  yearly 
savings. The greatest improvements are broken down by weekend totals of $13.5 million and $156,691, 
compared to weekday totals of $23.05 million and $266,224. Of these five corridors, A1 and A3 had the 
highest user benefit savings and CO2  savings, totaling $25.8 million and $300,000. As mentioned 
previously, corridor A2 had reliable travel times before the adaptive installation, and, therefore, had the 
least amount of travel time impact and cost savings. Corridor A4 had similar weekend improvements as A1 
and A3 but was not as effective for weekdays. Negative user benefit and CO2  savings for corridor A5 can 
be attributed to the increased travel times displayed in Figure 7 and Figure 8.  
INTERACTIVE WEB APPLICATION 
The results presented in this paper are based upon the interactive Travel Time web application being 
developed for Pennsylvania Department of Transportation to easily compare travel times for any corridor 
in the database. A screenshot of the application screens are shown in Figure 10a. Corridors can be selected 
from the interactive map or using the dropdown menu. A selected corridor will become highlighted on the 
map to verify the selection choice. The web application also allows for the user to customize parameters, 
including date ranges, day of week ranges, hour ranges, and axes bounds. The date range selection tab 
includes before and after calendars to choose the desired ranges. The day of week tab allows for the toggling 
of any day of week to be included in the analysis. Also, within the day of week tab there are switches to 
automatically toggle to weekends or weekdays only. In the hours tab users can select from a variety of 
different hours options. These options include 24 hour, hourly, rush hour splits, and finally a custom hour 
range slider. Finally, the Axes tab allows for customization of the x-axis graphs that are produced 
After the user has set all of their customization choices, simply click on the ‘Generate Graphs’ button to 
produce results. One column of graphs will be produced for each direction of travel associated with that 
corridor. In addition, each column will contain one graph for each hour range chosen. Each graph will 
contain a red line to represent the before date range, and a green line to represent the after range. On the x-
axis is the travel time in minutes. Improvements are represented by a leftward shift of travel time in the 
before line to the after line. The database functions and procedures of this web app was used to produce the 
travel time graphs seen in this study. 
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a) Tool for analyzing before/after changes in travel time and quantifying benefits
b) Tool for identifying corridors with high relative travel times or poor travel time reliability
Figure 10. Travel Time Web Application Tool
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The Trends application is also being developed (Figure 10b). This web application shares many of the same 
customization options as the Travel Time application. However, this application is oriented toward network 
level assessment of multiple corridors to identify corridors with high relative travel times and high degree 
of travel time unreliability.   
CONCLUSIONS 
This study examined travel times on five arterial routes surrounding Philadelphia. As part of a larger project 
sponsored by PennDOT, these arterials were identified as high-volume signalized corridors. A method was 
presented in which one-hour intervals were analyzed throughout the week. Corridor evaluations from 6:00 
AM to 8:00 PM were based on median travel times and comparisons of IQR. Six-week averages of travel 
times were used before and after the adaptive installation for a consistent period of comparison. Changes 
in travel times were used to calculate user benefit and CO2  savings. 
 Overall, the implementation of adaptive signals provided great improvement to the travel times and 
reliability of the corridors. Collectively, the five corridors produced an annual user benefit of $36.6 million 
and a CO2  savings of $422,915. A majority of these savings, over 66%, can be attributed to corridors A1 
and A3. Additionally, over half the savings were due to weekend improvements. Corridors A2 and A5 were 
two corridors that did not see large improvements with the implementation of adaptive signals. Corridor 
A2 saw nominal performance improvement likely attributed to previously short and reliable travel times. 
On the other hand, A5 experienced longer travel times and decreased reliability. Further studies on this 
corridor and other implementations and evaluations are forthcoming. 
 Longer term, the authors believe tools similar to those described in this paper should be integrated 
into modern traffic signal central systems to perform outcome assessment.  These dashboards would provide 
agencies with an integrated environment for identifying candidate corridors for signal coordination and 
retiming projects and as outcome assessment tools to quantify user benefit dollars once those projects are 
completed. 
 Lastly, this paper focused on a methodology for assessing travel times for the mainline movements.  
However, some retiming projects may sacrifice green time allocated to minor movements for better arterial 
progression.  A comprehensive corridor study should also include a movement-by-movement tabulation of 
split failures (18) for each time-of-day pattern to ensure adequate green time is provided for those minor 
movements as well.   
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